Viral self-assembly is of tremendous virological and biomedical importance. Although theoretical and crystallographic considerations suggest that controlled conformational change is a fundamental regulatory mechanism in viral assembly, direct proof that switching alters the thermodynamic attraction of self-assembling components has not been provided. Using the VP1 protein of polyomavirus, we report a new method to quantitatively measure molecular interactions under conditions of rapid protein self-assembly. We show, for the first time, that triggering virus capsid assembly through biologically relevant changes in Ca 2þ concentration, or pH, is associated with a dramatic increase in the strength of protein molecular attraction as quantified by the second virial coefficient (B 22 ). B 22 decreases from 22.3 Â 10 24 mol ml g
INTRODUCTION
The paradigm of biological self-assembly emerged from the in vitro reconstitution of thermodynamically stable viral particles (Fraenkel-Conrat & Williams 1955) , suggesting an assembly process guided entirely by the biological and physical properties of the constituent subunits (Casjens & King 1975; Klug 1983; Lindsey 1991) . Despite their ability to associate without external intervention, many self-assembling architectures do not spontaneously assemble but instead exhibit selfcontrolled switching between unsociable and associable conformations (Caspar 1980) in response to enzymatic actions or physico-chemical changes in the environment. For example, the structural proteins of most DNA viruses synthesized in the cytoplasm only assemble into a supramolecular capsid inside the nucleus where the necessary biochemical conditions are met (Knipe et al. 2001) . This switching behaviour in viral assembly is intrinsic to the Caspar-Klug quasi-equivalence theory (Caspar & Klug 1962) , which explains that identical subunits in an icosahedral capsid must adopt different conformations to conserve bonding specificity. Although it is now widely accepted that molecular assembly processes occur as a result of attractive intermolecular interactions (Chi et al. 2003) , direct measurement of interaction switching in a highly cooperative selfassembling protein system has not, to the best of our knowledge, been previously reported.
Murine polyomavirus (MPV) represents a striking example of self-controlled switching in protein assembly (Rayment et al. 1982; Liddington et al. 1991) . The MPV capsid is constructed of 360 copies of the major structural protein, VP1 (41.2 kDa), organized into capsomeres positioned in a T ¼ 7d lattice of diameter approximately equal to 50 nm. All capsomeres are identical pentamers of VP1, 12 of which are surrounded by five capsomeres (pentavalent) while the other 60 by six (hexavalent), thus violating the quasi-equivalence theory. The versatility of the pentamers to occupy both pentavalent and hexavalent positions arises from the flexible C-terminal arms that extend from each capsomere to invade its neighbours. This architecture of MPV implies that the non-equivalently related capsomeres must switch their bonding specificity during assembly (Salunke et al. 1986) . Although theories (Crick & Watson 1956; Caspar & Klug 1962; Berger et al. 1994; Johnson et al. 2005) and experimental data (Rayment et al. 1982; Liddington et al. 1991; Stehle & Harrison 1997) have provided useful insights into capsid morphology and stabilizing interactions, direct information on the course of the assembly process has been limited. Specifically, investigations on the timing of bonding switching during assembly, and the effects of such switching on the thermodynamic interaction between self-assembling subunits, have not been reported.
It is now widely accepted that the molecular attraction between self-assembling proteins is a crucial factor in determining whether they will remain stable in solution as individual subunits or associate to form higher order structures. The strength and range of protein colloidal interactions also govern the mechanisms of molecular approach, reorientation and growth, thus determining the morphology of the resulting structures (Chi et al. 2003) . Consequently, knowledge of how these interactions are affected by solution conditions provides a fundamental understanding of the molecular forces at work (George & Wilson 1994; Haas & Drenth 1998; Neal et al. 1998; Vliegenthart & Lekkerkerker 2000; Prausnitz 2003; Curtis & Lue 2006) , potentially revealing the mechanisms underpinning self-assembly. A wealth of theories and experiments have been devised to probe and model protein -protein interactions in order to understand many biologically related processes (Haynes et al. 1991; George & Wilson 1994; Coen et al. 1995; Haas & Drenth 1998; Vliegenthart & Lekkerkerker 2000; Ho et al. 2003) and applications (Melander & Horvath 1977; Oberholzer & Lenhoff 1999; Chi et al. 2003) . For example, protein -protein interactions have been linked to the likelihood of protein crystallization to show that weak attractive forces are needed between protein molecules for the formation of high-quality crystals on reasonable time scales (George & Wilson 1994; Haas & Drenth 1998; Neal et al. 1998; Vliegenthart & Lekkerkerker 2000) . One key parameter in assessing the thermodynamics of protein solutions is the osmotic second virial coefficient, B 22 , which reflects the direction and magnitude of protein -protein interactions in a dilute protein solution (Haas & Drenth 1998; Neal et al. 1998; Vliegenthart & Lekkerkerker 2000; Prausnitz 2003; Curtis & Lue 2006) . A positive B 22 is an indication of net repulsive interaction, whereas a negative B 22 indicates predominantly attractive interactions. At the molecular level, B 22 characterizes two-body interactions in dilute solutions by accounting for electrostatic, van der Waals and solvation forces as well as hydrophobic and excludedvolume effects. Therefore, it is possible that cooperative changes in these drivers of viral assembly can be observed through experimental measurement of B 22 . Although B 22 measurements have been reported for intact pre-assembled viruses undergoing crystallization (Malkin & Mcpherson 1993) , measurements on the proteins that cooperatively self-assemble into the virus have not, to the best of our knowledge, been reported.
A number of experimental methods for B 22 measurement exist and prima facie would seem applicable to self-assembling systems. However, B 22 must be measured on homogeneous populations of proteins to provide the interaction potential between well-defined units in solution, necessitating steady-state or quasi-steady-state solution conditions where assembly kinetics are slow relative to the time scale of measurement. Highly cooperative systems such as viruses, which assemble rapidly with respect to measurement times, present unique challenges above and beyond those for well-studied precipitation and crystallization systems. For quasi-steady systems, B 22 is most commonly measured using batchmode static light-scattering (SLS) experiments based on the variation of the intensity of scattered light as a function of protein concentration. While batch-mode SLS provides a useful means for accessing protein B 22 in stable solutions, it is ill-suited for dynamic systems in which the protein molecules being studied are rapidly self-assembling, because: (i) the assembly intermediates are often consumed faster than the measurement time scale (e.g. in viral assembly (Zlotnick 1994) ) and (ii) light-scattering signals induced by the larger assembly products formed will easily overwhelm signals from the free subunits of interest. Indeed, the process of polyomavirus VP1 assembly studied here is so rapid that quantitative analysis of even the kinetics of virus assembly is not attainable with light scattering (Casini et al. 2004) . Rapid B 22 measurement techniques such as sizeexclusion chromatography (SEC; Bloustine et al. 2003) and self-interaction chromatography (SIC; Patro & Przybycien 1996; Tessier et al. 2002a) do not rely on SLS measurements and may potentially be able to measure B 22 in systems characterized by slow assembly kinetics relative to the speed of measurement. These chromatography techniques also possess the inherent capability to separate any larger assembly products formed, thus minimizing their interference in B 22 measurements. However, protein retention time in SEC is sensitive to conformational changes (Wen et al. 1996) and is thus an unreliable means of determining B 22 in viral assembly where such changes are likely (Caspar 1980) . SIC is also not suited for viral assembly studies because the subunit proteins are especially susceptible to aggregation near surfaces (Shi et al. 2005) ; immobilization of these viral proteins may cause significant structural changes that produce erroneous results. Also, interactions between the subunits are believed to be highly orientational and dependent on conformational change, and anchoring onto surfaces may restrain conformational switching. Thus, the averaged intermolecular interactions measured may be grossly underestimated with SIC due to restrictions on conformational changes on immobilized subunits. As existing techniques are unable to measure B 22 in systems undergoing rapidkinetic self-assembly, direct measurement of B 22 for self-assembling viral subunits has not so far been possible.
In this article, we present a method to measure the B 22 of MPV capsomeres as they undergo rapid assembly into a viral capsid. Our data based on B 22 provide the first direct evidence that the onset of viral assembly triggered through biologically relevant factors is associated with a dramatic increase in the strength of molecular attraction between the cooperatively assembling component proteins. These results, linking protein assembly to molecular thermodynamics, may facilitate the design of new antivirals (Zlotnick et al. 2007 ) and virus-like particle (VLP)-based pharmaceuticals (Garcea & Gissmann 2004; Pattenden et al. 2005 ) and lead to a more fundamental physico-chemical description of protein self-assembly systems.
MATERIAL AND METHODS

Expression and purification of recombinant murine polyomavirus VP1
Recombinant wild-type MPV VP1 (VP1wt) and the mutant VP1CD63 were expressed in Escherichia coli and purified as previously described (Chuan et al. 2008b; Lipin et al. 2008b) . The expression vector for VP1CD63 was generated through site-directed mutagenesis (Quickchange II, Stratagene, La Jolla, CA, USA) by inserting a stop codon after the codon for P320 in the MPV VP1 sequence (accession number M34958).
Size-exclusion chromatography and static light scattering
Purified MPV capsomeres at 1.5 mg ml 21 were injected as volumes of 50, 100, 200 and 400 ml into a Superdex 200 column (GE Healthcare Biosciences, Buckinghamshire, UK) connected downstream with a DAWN-EOS MALS system (Wyatt Technology Corporation, Santa Barbara, CA, USA) and a differential refractive index (dRI) detector (Wyatt Technology Corporation) . Chromatograms were recorded and processed with the ASTRA V software (v. 5.3.1.5, Wyatt Technology Corporation) . Peak values of the SLS (908) and dRI signals were used in the calculation of B 22 using the following equation (Wyatt 1993) :
where R 90 is the excess Rayleigh ratio measured at 908, c is the protein concentration and M is the protein molar mass. K is an optical constant defined by
with l being the wavelength of the laser used (685 nm), n 0 the refractive index of the solvent, N the Avogadro number and dn/dc the refractive index increment of VP1 (approximated as 0.185 ml g 21 (Huglin 1972) ). Protein concentration was calculated from dRI measurements.
The second virial coefficient normalized to the spherical particle excluded volume, b 22 , was calculated with the equation (Haas & Drenth 1998 Vliegenthart & Lekkerkerker 2000) 
where d is the protein average mass density (approximated as 1.36 g ml 21 (Haas & Drenth 1998 ).
Electron microscopy
Capsid samples were adsorbed onto glow-discharged, carbon-coated grids (Proscitech, Queensland, Australia), washed with 0.22 mm filtered water, negatively stained with 2 per cent uranyl acetate and viewed with a JEOL 1010 electron microscope (JEOL, Tokyo, Japan) at room temperature. Images were captured at 100 kV accelerating voltage and analysed with the ANALYSIS software (Soft Imaging System GmbH, Munster, Germany) and contrast-adjusted with Photoshop CS2 (Adobe, San Jose, CA, USA).
In vitro assembly reactions
In vitro assembly reactions were performed with SEC and conventional dialysis methods. For SEC assembly, samples were collected during an SEC -SLS experiment at the dRI detector outlet and incubated at room temperature for 48 h. For dialysis-assembly reactions, 100 ml of purified VP1wt capsomeres at 0.3 mg ml 21 was dialysed against the assembly-reaction buffer in a custom-made dialysis unit fitted with a 10 kDa SnakeSkin membrane (Thermo Scientific, Rockford, IL, USA) for 48 h at room temperature. Assembly-reaction buffers contained 40 mM Tris ( pH 7.2 or 8.0), 200 mM NaCl, 5 per cent glycerol, with either 0 -500 mM CaCl 2 or 0 -300 mM (NH 4 ) 2 SO 4 as the assembly trigger.
Asymmetrical flow field-flow fractionation
Analysis of capsids with asymmetrical flow field-flow fractionation (AF4) was as previously described . Hydrodynamic radius of capsids following AF4 fractionation was measured with dynamic light scattering using a Wyatt-QELS system (Wyatt Technology Corporation) . Buffers used for AF4 analysis contained 40 mM Tris, 200 mM NaCl, 5 per cent glycerol at pH 7.2 or 8.0 (depending on the prior assembly conditions).
RESULTS
VP1wt was expressed at high levels as a glutathione-Stransferase fusion protein (GST -VP1wt) in E. coli (Chuan et al. 2008b) and captured as soluble selfassociated structures (340 -1.8 MDa) using affinity chromatography (Lipin et al. 2008b) . Enzymatic removal of the GST fusion partner with thrombin followed by SEC in L buffer (40 mM Tris ( pH 7.2), 200 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT), 5% glycerol) yielded pentameric VP1wt (capsomeres), as confirmed by SEC in our study (figure 1a). L buffer contains reducing and chelating agents and is known to stabilize free capsomeres (Salunke et al. 1986 ). The molar mass for the capsomere SEC peak determined by multiangle SLS (230 + 8 kDa) compares acceptably with the theoretical value (213 kDa). The assembly of VP1 capsomeres into VLPs can be triggered by calcium ions in the absence of chelating and disulphide-reducing Virus assembly following a switch Y. P. Chuan et al. 411 agents (Salunke et al. 1986 (Salunke et al. , 1989 . Figure 1a shows that the self-association of capsomeres commenced quickly (less than 20 min) after the SEC-enabled exchange of purified VP1wt capsomeres into a calcium-containing assembly buffer (40 mM Tris ( pH 7.2), 200 mM NaCl, 100 mm CaCl 2 , 5% glycerol), forming higher order structures eluted in the excluded peak. Multi-angle SLS and dRI measurements confirmed that a significant portion of purified VP1wt nevertheless eluted as capsomeres (230 + 10 kDa) after 20 -25 min in assembly buffer. SEC effectively separated the higher order assembled structures from the remaining unassembled capsomeres, thus allowing the B 22 of VP1 capsomeres to be determined even under dynamic virus-particle assembly conditions.
The determination of osmotic second virial coefficient (B 22 ) at a specific buffer condition required serial injections generating several sets of SLS and dRI data (each at a different effective capsomere concentration) which were in turn used to construct Debye plots (figure 1b). B 22 values were calculated from the gradient of these plots based on equations (2.1) and (2.2). The non-assembly condition yielded a plot with a small and negative gradient (and hence a negative B 22 , equation (2.1)), indicating net attractive VP1wt interactions.
The gradient decreased (figure 1b) on addition of 100 mM CaCl 2 in the absence of 1 mM EDTA and 5 mM DTT, indicating stronger molecular attraction among the capsomeres. Both plots intersect the vertical axis at approximately 4.45 Â 10 26 mol g
21
; the reciprocal gives a capsomere molar mass (225 kDa) that corresponds well with the multi-angle SLS data (figure 1a). Figure 2a shows the SEC data that confirm selfassociation of purified VP1wt at pH 7.2 in the presence of calcium. The omission of 1 mM EDTA and 5 mM DTT from L buffer did not cause observable self-association of VP1wt capsomeres within the time scale of SEC analysis; the lack of an excluded-volume peak (15-20 min) confirms the absence of higher order structures. Stability was retained even in the presence of 50 mM Ca 2þ . Self-association of VP1wt capsomeres was evident when the Ca 2þ concentration was increased to 100 mM or greater, consistent with data in figure 1a . The extent of higher order structure formation (i.e. the integrated area of the excluded-volume peak) increased concomitantly with a decrease in unassociated capsomere concentration as Ca 2þ concentration was increased to 200 mM, indicating a higher capsomere association rate. Above 200 mM Ca 2þ , the association rate was so high that free capsomeres were no longer detected (data not shown), thus preventing the determination of B 22 .
The quality of VP1 self-association (i.e. an endpoint morphology of amorphous aggregates or capsid-like structures) is an important aspect that cannot be assessed from SEC results alone. Therefore, we further analysed the fractions collected from the SEC experiments using transmission electron microscopy (TEM; figure 2b ). VP1wt was stable as capsomeres in L buffer following 48 h of incubation ( figure 2b(i) ), but the removal of EDTA and DTT from L buffer resulted in the formation of amorphous aggregates (figure 2b(ii)). VP1wt collected from both the excluded and capsomere peaks at 100 mM Ca 2þ proceeded to form similar capsids with diameters of 35 -50 nm (figure 2b(iii),(iv)), although the structures from the excluded-volume peak material appeared more irregular with less defined boundaries. Similar results were obtained after prolonged incubation of excluded peak material in a buffer containing 200 mM Ca 2þ ( figure 2b(v) ). These findings illustrate that the VP1wt B 22 values measured at 100 and 200 mM Ca 2þ are a reflection of the thermodynamic interaction between VP1wt capsomeres under self-assembly conditions that give rise to capsid-like structures, 2), 200 mM NaCl, 1 mM EDTA, 5 mM DTT, 5% glycerol) or assembly (40 mM Tris (pH 7.2), 200 mM NaCl, 100 mm CaCl 2 , 5% glycerol) buffers. Molar mass (M ) of the capsomere peak was measured with multi-angle SLS. Thin line, dRI (non-assembly); thick line, dRI (assembly); cross, M (non-assembly); circle, M (assembly). (b) Debye plot generated using 908 SLS and concentration data from several injections of purified capsomeres, each at a different volume (50, 100, 200 or 400 ml), into a column pre-equilibrated with non-assembly or assembly buffer. The plot gradient gives the second virial coefficient (B 22 ), which becomes more negative when the capsomeres are exchanged into the assembly buffer during analysis. See equations (2.1) and (2.2) in §2 for definitions of plot parameters used. Open circle, non-assembly; filled circle, assembly.
rather than amorphous aggregates. This morphological insight is crucial because it has been shown, in the case of protein crystallization, that the strength of thermodynamic attraction between protein molecules leading to random aggregates and organized high-order biological complexes (e.g. crystals) may be very different (George & Wilson 1994) .
The change in VP1wt B 22 as a function of calcium ion concentration at pH 7.2 and 8.0 is shown in figure 2c . In non-assembly L buffer ( pH 7.2), the measured B 22 was 22.3 Â 10 24 mol ml g 22 , similar to B 22 for globular proteins such as lysozyme (Rosenbaum & Zukoski 1996) and a-chymotrypsinogen (Velev et al. 1998; Bajaj et al. 2004) in buffers of comparable ionic strength. The omission of 1 mM EDTA and 5 mM DTT caused the VP1wt capsomeres to become more prone to aggregation (figure 2b(ii)) but did not result in a significant change in B 22 (figure 2c). This finding suggests that the chelating and reducing agents do not significantly alter the thermodynamic attraction between VP1wt capsomeres. Rather, observed aggregation may be disulphide-mediated and was therefore slowed or inhibited by the action of DTT. The addition of 50 mM Ca 2þ did not affect the measured VP1wt B 22 . Concomitant with the onset of self-assembly triggered by addition of 100 mM Ca 2þ (figure 2a,b(iii),(iv)), the measured B 22 decreased to 22.4 Â 10 23 mol ml g 22 , indicating a more than 10-fold increase in the thermodynamic attraction between VP1wt capsomeres. A change in B 22 of this magnitude is not expected by the potential-of-mean-force models for two-body interactions (Curtis et al. 1998; Curtis & Lue 2006) because the contribution to electric double-layer repulsion and ionic excluded-volume effect from 100 to 200 mM Ca 2þ in a buffer containing 200 mM NaCl is negligible. Rather, a switching of molecular attraction is suggested, consistent with assembly being a rapid event triggered in response to specific cues such as the presence of biologically relevant ratios of ). The rate of selfassembly was also slower, thus allowing VP1wt B 22 at 500 mM Ca 2þ to be determined. We investigated the ability of Mg 2þ to trigger VP1wt self-assembly by substituting magnesium chloride for calcium chloride with other buffer conditions unchanged (figure 2c). VP1wt remained stable as free capsomeres even at 2 mM Mg 2þ and the measured B 22 was independent of Mg 2þ concentration over the entire range of 0 -2 mM. These findings indicate that the metal-ion-mediated assembly of VP1 observed in our experiments was calcium specific.
Self-assembly reactions were also performed by dialysis (an assembly method commonly used in related studies (Salunke et al. 1986 (Salunke et al. , 1989 Garcea et al. 1987) ) for 48 h to further examine the morphological outcome of assembly in response to triggered changes in capsomere thermodynamic attraction. These reaction endproducts were characterized using AF4 (figures 3a,b), a technique that has been used successfully to quantitatively analyse samples of viruses (Litzen & Wahlund 1991) and VLPs Citkowicz et al. 2008; Lipin et al. 2008a,b; Lang et al. 2009 ). Unassembled capsomeres, monomeric capsids and aggregates in VLP samples are readily separated by AF4 at high resolution due to the difference in their sizes (smaller analytes are eluted faster); these species may then be characterized with light-scattering techniques to provide quantitative analysis for the size distribution of the assembly reaction endproducts . Based on a previously developed method , the peaks in the AF4 fractograms shown in figure 3 correspond to unassociated capsomeres (retention time, t ¼ 13 min), capsids (t ¼ 24 min) and aggregates (t . 40 min). Dialysis of purified Virus assembly following a switch Y. P. Chuan et al. 413 capsomeres against non-assembly L buffer ( pH 7.2) resulted in exclusively unassembled capsomeres, while aggregates were produced when a Tris buffer (without DTT and EDTA) with 50 mM Ca 2þ was used (figure 3a). Capsids with hydrodynamic radius of 22 + 2 nm (z-averaged, determined with dynamic light scattering) were obtained with Tris buffers containing 200 mM Ca 2þ at both pH 7.2 and 8.0 (figure 3b). These observations were consistent with the SEC and TEM analyses ( figure 2a,b) figure 3c ) are about an order of magnitude more negative than those conducive to crystallization of many proteins (28 Â 10 24 to 22 Â 10 24 mol ml g
22
; George & Wilson 1994) , suggesting that the net attractive interaction between assembling VP1wt capsomeres may be much stronger than those needed for protein crystallization. However, it is important to note that the experimentally determined B 22 , expressed in mol ml g 22 , depends on the excluded volume of the protein molecule and may not be compared directly across proteins with significant size difference. Therefore, we converted experimental B 22 data to the dimensionless second virial coefficient, b 22 (equation (2.3) ). b 22 values, previously used by other authors (Haas & Drenth 1998 Vliegenthart & Lekkerkerker 2000; Bonnete & Vivares 2002) , are normalized to the spherical particle excluded volume and are hence dependent only on the nature and strength of the intermolecular interaction. b 22 values for VP1wt undergoing Ca 2þ -triggered self-assembly are 2370 + 10 and 2700 + 14 at pH 7.2 and 8.0, respectively. These values are comparable to those measured during the crystallization of already-assembled satellite tobacco mosaic virus (1500 kDa, b 22 ¼ 2367) and ovostatin (720 kDa, b 22 ¼ 2695), but are considerably larger in magnitude than those for smaller proteins (14 -141 kDa, b 22 ¼ 28 to 240), according to b 22 values provided by Vliegenthart & Lekkerkerker (2000) .
Evidence of in vitro MPV assembly triggered by pH change (Salunke et al. 1989 ) suggests a potential correlation between VP1wt B 22 and pH, which is confirmed in our work (figure 4a). A significant decrease in B 22 (from less than 22.5 Â 10 24 to 230.0 Â 10 24 mol ml g
) occurred when the solution pH was lowered to 6.4, which also triggered the onset of VP1wt self-association (figure 4b). Further decrease in the solution pH from 6.4 to 6.0 resulted in an unusually large and negative B 22 of 2170 Â 10 24 mol mL g 22 (b 22 ¼ 24730), indicating the presence of very strong molecular attraction between capsomeres. There was no measurable change in B 22 at pH 8.0 -6.6 (figure 4a) while the capsomeres were maintained in a non-assembly environment (figure 4b). The theoretical pI of VP1wt (6.1) suggests that the capsid proteins may exist in a near uncharged state at pH 5.9 -6.3 and are thus experiencing minimum electrostatic repulsion from each other; although, the only pH-dependent parameter is the electric double-layer repulsion, which is negligible at these buffer conditions where the ionic strength is greater than 0.1 M. Figure 4c shows the typical mixture of capsids and free capsomeres obtained after prolonged incubation of the excluded peak material at pH 6.0 -6.4. The capsids formed are 35-45 nm in diameter and possess more densely stained cores compared to those formed from calcium-mediated assembly. Similar to protein precipitation and crystallization, the self-assembly of MPV VP1 can also be induced by ammonium sulphate (Salunke et al. 1986 ). The dependence of VP1wt B 22 on ammonium sulphate concentration from 0 to 300 mM at pH 7.2 is shown in figure 5 . The onset of capsid formation (confirmed by TEM ( figure 5, inset) ) occurred at 200 mM ammonium sulphate and was accompanied by a decrease in B 22 from 22.8 Â 10 24 to 29.5 Â 10 24 mol mL g 22 .
Futher increase of ammonium sulphate concentration to 300 mM resulted in a further decrease of B 22 to 24.6 Â 10 23 mol ml g
, similar to the B 22 values observed for myoglobin, bovine serum albumin and ovalbumin in concentrated electrolytes with ionic strengths greater than 6 M (Curtis et al. 1998) .
Within an MPV capsid, the individual capsomeres are interconnected by the C-terminal arms of the VP1 monomers (Liddington et al. 1991; Stehle et al. 1994; Stehle & Harrison 1997) as illustrated in figure 6a . Each connecting arm consists of the last 63 residues of a VP1 protein that emerge from the monomer and invade another VP1 molecule of a nearby capsomere, forming a b-strand that interacts with a sheet in the target VP1 molecule. Truncation of the 63 C-terminal residues through site-directed mutagenesis prevents the self-assembly of VP1 (Garcea et al. 1987) . The same expression and purification strategies as usual for the wild-type VP1 were used to generate a VP1 mutant lacking the 63 C-terminal residues, VP1CD63 (35.8 kDa). SEC purification after removal of GST fusion tags produced pentameric VP1CD63 (capsomeres) with a molar mass of 180 + 8 kDa, as determined by multi-angle SLS (figure 6b). Consistent with previous reports (Garcea et al. 1987; Stehle & Harrison 1997) , VP1CD63 was stable as free capsomeres under all conditions tested in our work, including those that trigger self-assembly of VP1wt. Truncation of the VP1 invading arm resulted in a switch from a negative to positive B 22 (1.2 Â 10 24 mol ml g 22 , figure 6c ) in L buffer, indicating a change from attractive to repulsive molecular interactions between capsomeres. The addition of 0 -2000 mM Ca 2þ in the absence of 1 mM EDTA and 5 mM DTT caused slight changes in B 22 , which nonetheless remained positive. The B 22 of VP1CD63 was relatively invariant with pH conditions (6.0 -6.4) sufficient for VP1wt self-assembly (figure 6d). The increase in pH from 7.5 to 8.0, however, Virus assembly following a switch Y. P. Chuan et al. 415 resulted in a decrease in B 22 to a small but negative value (23.3 Â 10 24 mol ml g
), similar to that for stable VP1wt capsomeres in a non-assembly L buffer. This shift to a negative B 22 may be attributable to the increase in VP1 theoretical pI from 6.1 to 7.7, owing to the truncation. At pH 7.5 -7.9, VP1CD63 capsomeres probably exist in an almost net uncharged state which reduces electrostatic repulsions between the capsomeres, leading to net attractive interactions. Nevertheless, under all conditions investigated, VP1CD63 capsomeres failed to form higher order structures (data not shown).
DISCUSSION
The architecture of the endproduct from viral selfassembly is predestined by the intrinsic compulsion of the assembling subunits to achieve the lowest freeenergy state (Lindsey 1991) . At the molecular level, the way in which the protein subunits can attain such a state (by forming the maximum number of most stable bonds) is governed by protein -protein interactions. Knowledge of the nature of these interactions and how they are affected by various factors provides useful insights into the fundamentals and manipulation of viral assembly. The osmotic second virial coefficient (B 22 ) is a key parameter that has been successfully used to relate protein -protein interactions to protein crystallization (George & Wilson 1994; Rosenbaum & Zukoski 1996; Haas & Drenth 1998; Vliegenthart & Lekkerkerker 2000; Tessier et al. 2002b) as well as protein solubility during refolding (Ho et al. 2003 ) and drug formulation (Chi et al. 2003) . Although B 22 has been used to examine the crystallization of pre-assembled virus particles (Malkin & Mcpherson 1993) it has not, to the best of our knowledge, been previously used to obtain insights into the molecular attraction between proteins as they cooperatively self-assemble. This challenging problem has not been previously approached as existing B 22 measurement techniques are limited in their ability to probe individual protein species undergoing rapid and irreversible self-assembly in a solution containing a complex milieu of self-associated and free structures. Here, we developed a methodology for virus capsomere B 22 measurement, based first on SEC to separate free structures from the milieu, followed by rapid flow through SLS (Trainoff & Wyatt 2002; Bajaj et al. 2004 ) of the free structures on the path to assembly. 'Snapshots' of unassociated MPV capsomeres were thus isolated from higher order assembly products by SEC and rapidly analysed with SLS, thus allowing the determination of B 22 (figure 1) for VP1 protein that was in the process of being assembled into a VLP. Our data show that the self-association of capsomeres into VLPs had already proceeded to a substantial extent within the time scale of separation, after the introduction of purified VP1wt capsomeres into an assembly environment (figure 1a), further justifying the need for a rapid separation-measurement method for B 22 determination.
Our B 22 data experimentally reveal, for the first time, a link between viral assembly and the strength of molecular attraction between the assembling capsomeres. We observed a substantial increase in thermodynamic attraction between MPV VP1wt during the onset of self-assembly triggered by Ca 2þ (figure 2, B 22 ). Even on a normalized excluded-volume b 22 basis, these changes represent an order of magnitude increase in the strength of molecular attraction due to the triggering of self-assembly. The combination of SEC, TEM and AF4 allowed us to relate the morphology of the assembly endproducts to VP1 B 22 . Thus, we were able to further demonstrate that protein -protein interaction is a crucial factor that determines whether these self-assembling biomolecules will be stable as capsomeres or associate to form either aggregates or capsids ( figure 3a,b) .
Although the exact pathways and mechanisms involved in the life cycle of MPV are not well understood, the endocytosed virions are reported to be modified in the endoplasmic reticulum (Tsai et al. 2003; Magnuson et al. 2005) prior to disassembly in the cytoplasm (Knipe et al. 2001) . Previous work has also indicated that the assembly of virions takes place in the nucleus (Montross et al. 1991) , similar to many other DNA viruses (Knipe et al. 2001) . In this study, we investigated the self-assembly of VP1wt at calcium ion concentration and pH levels that were strategically chosen to mirror biological conditions in these intracellular environments. For example, assembly experiments were mostly performed at pH 7.2 to mirror the estimated pH for the cytosol (Alberts 2008 ) and endoplasmic reticulum (Kim et al. 1998 ) in unexcited cells. We also performed a subset of experiments at pH 8.0 to reflect the higher pH levels in the cell nucleus (Seksek & Bolard 1996) . The range of Ca 2þ concentration investigated (0 -500 mM) was deliberately much higher, in absolute terms, than cytosolic levels (0.1 -2 mM (Schwaller et al. 1996; Silva & Williams 2001) ). These higher values were chosen to ensure that the concentration ratio of VP1 relative to calcium ions was comparable to the value approximated in an infected mouse cell (Zhang et al. 2005) ; high absolute viral protein concentration was required in our experiments to measure B 22 , necessitating higher absolute Ca 2þ concentrations to maintain a biologically relevant ratio of protein to metal ion.
The molecular origin of the calcium switch in MPV assembly may be related to the unique ability of calcium to selectively bind to inorganic lattices and organic molecules with intermediate strength to effect conformational changes in biomolecules (Silva & Williams 2001) . Calcium interacts with proteins through sites constructed from different configurations of donor groups such as carbonyl and carboxylate centres. Carboxyl pairs, found in several plant viruses (Caspar 1963; Durham et al. 1977; Harrison 1980; Rossmann et al. 1983) , control self-assembly by acting as a sensitive electrostatic switch. Bound calcium neutralizes the electrostatic repulsion in the closely located carboxyl pairs thus allowing assembly-stabilizing interactions to take place. Crystallographic data of polyomavirus SV40 suggest that Ca 2þ forms a bridge through two probable binding sites that link the C-terminal invading arm from a VP1 protein to an internal loop on another VP1 molecule of a neighbour (Liddington et al. 1991) .
The calcium-binding sites consist of mainly acidic amino acids which are mostly conserved across polyomaviruses. Our results suggest another role for Ca 2þ in polyomavirus assembly, in addition to the calcium-bridging effect previously proposed. We observed a 10-fold increase in thermodynamic attraction between MPV VP1wt during the onset of calciumtriggered self-assembly, unpredicted by B 22 models based on potential-of-mean-force theory. This stepwise shift in inter-capsomeric interactions, which is unaffected by further increase in Ca 2þ concentration, suggests a substantial and immediate conformational change of VP1wt induced by Ca 2þ . Calcium-mediated assembly and the concomitant change in the molecular attraction between capsomeres were highly specific to calcium; Mg 2þ did not substitute Ca 2þ in invoking a similar response even at a concentration that was 10 -20 times higher than that of Ca 2þ ( figure 2c ). This result is akin to the behaviour of the calcium-binding protein calmodulin (Kataoka et al. 1989; Martin et al. 2000; Silva & Williams 2001) ; although the calcium-binding site on calmodulin has an affinity for both Ca 2þ and Mg 2þ , the binding of Mg 2þ to the same site does not produce the same conformational changes necessary for protein functionality. Addition of protons by lowering the solution pH may also neutralize electrostatic repulsion between the capsomeres, thus facilitating MPV self-assembly (figure 4). Increasing the ammonium sulphate concentration has a twofold effect of shielding the electrostatic repulsion owing to the increased salt concentration and increasing the ionic excluded-volume effect owing to the kosmotropic nature of the ammonium and sulphate ions (Curtis et al. 1998; Curtis & Lue 2006) . Both of these factors may increase the thermodynamic attraction between VP1wt capsomeres and promote self-assembly (figure 5). Our data also show that the second virial coefficient of an assembly-deficient mutant (VP1CD63) is invariant across conditions that trigger assembly of VP1wt capsomere ( figure 6c,d ). This suggests that a large portion of the observed inter-capsomeric attractions is contributed by the C-terminal invading arm of VP1wt.
B 22 was first connected to a biologically related process by George & Wilson (1994) via the discovery of the protein crystallization window, suggesting that the B 22 of proteins should lie within 28 Â 10 24 to 22 Â 10 24 mol ml g 22 for the formation of high-quality crystals within reasonable time scales. For B 22 more positive than 22 Â 10 24 mol ml g 22 , the solubility of protein in the solution is too high for the formation of crystals; for values of B 22 less than 28 Â 10 24 mol ml g 22 , the excessively strong protein -protein attraction often results in the formation of amorphous aggregates (George & Wilson 1994) . Subsequent work has provided further theoretical basis for their observation by relating intermolecular interactions to protein phase transition behaviour and crystallization pathways (Rosenbaum & Zukoski 1996; Haas & Drenth 1998; Piazza 2000; Vliegenthart & Lekkerkerker 2000) . Selfassembly and protein crystallization both rely on the approach and binding of subunits in highly specific orientations leading to the growth of ordered Virus assembly following a switch Y. P. Chuan et al. 417 morphologies. There is, however, a striking distinction between the two processes; various examples (see review in Caspar (1980) ) have suggested that biological self-assembly is more complex than crystallization in terms of its ability to self-initiate and self-regulate through controlled conformational switching. Crystallization relies on a nucleating mechanism to initiate crystal growth and does not require conformational switching (Caspar 1980) .
It is also well known that protein crystallization may involve not only the favourable solid -liquid phase separation but also other metastable phases such as liquid -liquid phase separation (LLPS). LLPS has been shown, both experimentally (Alber et al. 1981; Vivares et al. 2005; Dumetz et al. 2008 ) and theoretically via the second virial coefficient (Haas & Drenth 1998 Vliegenthart & Lekkerkerker 2000) , to be an important process in the nucleation and growth of protein crystals. Similarly, the nucleation and assembly pathway of viral capsid subunits may ultimately be revealed through theoretical consideration once the subunit binding interactions have been determined directly from experiments. The B 22 values for VP1wt observed under self-assembly conditions in our experiments lie well outside the lower bound of the crystallization window (28 Â 10 24 mol ml g 22 , figures 2c, 4a and 5), indicating that the net attractive forces between assembling VP1wt capsomeres may be much stronger than those required for successful crystallization. However, when B 22 is normalized to the protein excluded volume, the resulting dimensionless second virial coefficient (b 22 ) of assembling VP1wt capsomeres (2360 to 2715) is comparable to those observed during the crystallization of larger proteins, such as ovastatin (720 kDa, b 22 ¼ 2695) and satellite tobacco mosaic virus (1500 kDa, b 22 ¼ 2367; Vliegenthart & Lekkerkerker 2000) . This finding suggests that VP1 self-assembly, after switching to conditions of strong molecular attraction, may occur through the direct formation of nuclei (Haas & Drenth 1998) conceivably in the form of dimers (Stehle & Harrison 1997) . Confirmation of this mechanism, as opposed to a mechanism that starts with LLPS, will require a more detailed elucidation of the protein phase diagram for capsomeres that have been switched into an assemblycompetent state.
Our results also indicate that the quality of assembled capsid morphology is independent of the B 22 of the assembling capsomeres within the range 22.5 Â 10 23 to 21.3 Â 10 23 mol ml g 22 (figure 3). We believe that this phenomenon is a result of self-regulatory properties of the capsomeres which are absent in protein molecules undergoing crystallization. Nonspecific binding caused by strong attractive forces (which could lead to aggregation) may have been prevented by steric hindrance provided by flexible and switchable molecular structures of MPV VP1. This suggestion is supported by crystallographic data that have revealed an N-terminal segment of MPV that is capable of rearrangement during the self-assembly process to prevent undesirable C-terminal arm interactions which may hinder the assembly process (Stehle & Harrison 1997 ).
CONCLUSIONS
Development of future therapeutics such as assemblyinterfering antivirals (Zlotnick et al. 2007 ) and VLP vaccines (Garcea & Gissmann 2004; Pattenden et al. 2005) requires detailed and fundamental understanding of the control mechanisms governing viral assembly. Such information is currently deficient due to a disconnect between atomic-scale structural details (Rayment et al. 1982; Liddington et al. 1991; Stehle & Harrison 1997) and macro-scale assembly data (Salunke et al. 1989; Zlotnick 1994; Zlotnick et al. 2007 ). Here we show that virus self-assembly is a dynamic and highly cooperative process that is tightly regulated by switching of the molecular attraction between the selfassembling protein capsomeres. We observe an order of magnitude increase in molecular attraction as measured by B 22 (or b 22 ) with the triggering of selfassembly. This large switch in molecular attraction is not predicted by existing simple colloidal models of molecular attraction, suggesting a link between molecular attraction and conformational switching, which is an important aspect of virus self-assembly (Caspar 1980) . These findings provide the foundation for a multiscale and multi-disciplinary approach to understanding viral assembly relying on: (i) interpretation of the molecular origins of inter-capsomeric interactions based on structural details (Rayment et al. 1982; Liddington et al. 1991; Stehle & Harrison 1997) ; (ii) experimental quantification of such interactions and component analysis through molecular thermodynamics (Haas & Drenth 1998 Neal et al. 1998; Vliegenthart & Lekkerkerker 2000; Prausnitz 2003; Curtis & Lue 2006) ; (iii) quantitative characterization of bulk properties impacted by such interactions (Casini et al. 2004; Chuan et al. 2008a) ; and (iv) construction of more realistic assembly models incorporating the results from the above analyses. We believe the outcomes of this approach will reveal a myriad of windows for the misdirection or facilitation of viral assembly by controlled physico-chemical change.
